Corbatón Báguena, MJ.; Alvarez Blanco, S.; Vincent Vela, MC.; Lora-García, J. (2015 concentrations, temperatures and crossflow velocities were used to clean the UF 21 membranes tested. The cleaning efficiency was related to the MWCO, membrane material 22 and operating conditions during fouling and cleaning steps. NaCl solutions were able to 23 completely clean the membranes fouled with the WPC solutions at the lowest 24 concentration tested. As WPC concentration increased, the hydraulic cleaning efficiency 25 2 (HCE) decreased. The results demonstrated that an increase in temperature and crossflow 26 velocity of the cleaning solution caused an increase in the HCE. Regarding NaCl 27 concentration, the HCE increased up to an optimal value. As the concentration was greater 28 than this value, the cleaning efficiency decreased. In addition, an equation that correlates 29 the cleaning efficiency to the operating parameters studied in this work (temperature, NaCl 30 concentration, crossflow velocity in the cleaning procedure and WPC concentration during 31 the fouling step) was developed and then, an optimization analysis was performed to 32 determine the values of the parameters that lead to a 100 % cleaning efficiency. 33 34
(HCE) decreased. The results demonstrated that an increase in temperature and crossflow 26 velocity of the cleaning solution caused an increase in the HCE. Regarding NaCl 27 concentration, the HCE increased up to an optimal value. As the concentration was greater 28 good agreement with other works about the influence of calcium on protein bridging and 76 membrane fouling [8, 17] . 77 78 However, only a few papers are focused on the utilization of salts as membrane cleaning 79 agents. Lee and Elimelech [18] tested NaCl solutions at different concentrations to clean 80 reverse osmosis membranes fouled with alginate and calcium solutions. They achieved 81 values of cleaning efficiency of about 90 % when a salt concentration of 50 mM was used. 82
In a previous work, Corbatón-Báguena et al. [19] studied the influence of several salts 83 (Na 2 SO 4 , NaCl, NaNO 3 , NH 4 Cl and KCl) on the cleaning efficiency of a 15 kDa ceramic 84 UF membrane fouled with protein solutions. They demonstrated that chloride and nitrate 85 salts were the most effective. 86
87
The aim of this work was to investigate the effectiveness of NaCl solutions to clean three 88 different UF membranes fouled with WPC solutions at different concentrations. The effect 89 of membrane material and MWCO on the effectiveness of the cleaning protocol was 90 studied by testing a 15 kDa monotubular ceramic membrane, a 5 kDa flat-sheet 91 polyethersulfone (PES) membrane and a 30 kDa flat-sheet permanently hydrophilic 92 polyethersulfone (PESH) membrane. The influence of the operating conditions during the 93 cleaning procedure (temperature, NaCl concentration and crossflow velocity) was also 94 investigated. The best experimental cleaning conditions to achieve the highest cleaning 95 efficiency were estimated by a statistical analysis. 96 97
Materials and methods 98 99

Materials 100
Renylat WPC solutions (Industrias Lácteas Asturianas S.A., Spain) at different 102 concentrations (22.2, 33.3 and 150 g·L -1 ) were used as feed solutions during the fouling 103 steps. WPC was supplied in powder form and it was dissolved in deionized water until the 104 final concentration was achieved. Table 1 If initial membrane permeability was not completely recovered after the salt cleaning 117 procedure, NaClO aqueous solutions (10 % w/v, Panreac, Spain) at pH 11 and 45 ºC and 118 NaOH aqueous solutions (98 % purity, Panreac, Spain) at pH 11 and 45 ºC were used to 119 clean the ceramic and polymeric membranes, respectively. These conventional cleaning 120 protocols are in accordance with those suggested by the manufacturers. 121 122
Membranes 123
Three different UF membranes were used to perform the experiments: a monotubular 125 ZrO 2 -TiO 2 membrane of 15 kDa (TAMI Industries, France), a flat-sheet PES membrane of 126 5 kDa (UP005, Microdyn Nadir, Germany) and a flat-sheet PESH membrane of 30 kDa 127 (UH030, Microdyn Nadir, Germany). The effective area of these membranes was 35.5 cm 2 128 for the ceramic membrane and 100 cm 2 for the polymeric membranes. These materials and 129
MWCOs were selected in order to study their influence on the membrane cleaning 130 efficiency. In addition, the MWCOs selected in this work are in the range of the typical 131
MWCOs used in the manufacture and treatment of whey and WPC [25, 26] . 132 133
Experimental set-up 134 135
Fouling and cleaning experiments were carried out in a VF-S11 UF plant (Orelis, France) 136 with a stainless steel feed tank of 10 L. Crossflow velocity and pressure drop across the 137 module were controlled by a variable speed volumetric pump and two manometers placed 138 at the inlet and outlet sides of the module. Permeate flux was measured gravimetrically 139 using a scale (0.001 g accuracy). All the experiments were performed in total recirculation 140 mode, except the rinsing steps. The experimental set-up was described elsewhere [19] The hydraulic efficiencies of the first rinsing step (HRE) and of the complete cleaning 185 procedure (HCE), i.e. after the second rinsing step, were calculated using Eq. 2 and 3. 186
Other authors [27, 28] reported equations to determine the efficiency of rinsing and 187 cleaning steps when alkaline solutions were used to restore the initial permeability of the 188 membranes. Their equations were based on a relation among the membrane hydraulic 189 resistance obtained after each step (fouling, first rinsing, cleaning and second rinsing) by 190 means of the Darcy's law. In this work, similar equations (Eq. 2 and 3) were proposed to 191 calculate the hydraulic rinsing and cleaning efficiencies (HRE and HCE, respectively). 192
Where R f is the fouling resistance, R r1 is the hydraulic resistance after the first rinsing step, 197 R r2 is the hydraulic resistance after the second rinsing step and R m is the resistance of the 198 new membrane, which were calculated by means of the Darcy's law [19] . tested. As it was expected, the higher the WPC concentration in the feed solution was, the 214 lower the steady-state permeate flux was. This is due to the fact that an increase in protein 215 concentration results in a more severe membrane fouling due to an increase in 216 concentration polarization and adsorption phenomena as protein concentration increases. 217
Regarding the permeate flux decline, the PESH 30 kDa membrane showed the lowest one 218
for all the feed solutions tested compared with the other membranes. procedure of a PES UF membrane was, the higher the flux recovery was. These authors 337 achieved approximately the same permeate flux as that at the beginning of the UF process, 338 removing the gel layer formed by natural organic matter on the membrane surface. This is 339 in accordance with the fact that a crossflow velocity value about 2.18 m·s -1 was the optimal 340
to effectively clean the membranes tested in this work. 341 
